Desai AJ, Dong M, Harikumar KG, Miller LJ. Impact of ursodeoxycholic acid on a CCK1R cholesterol-binding site may contribute to its positive effects in digestive function.
cholecystokinin; gallstone disease; bile acids; cholesterol CHOLESTEROL GALLSTONES have long been recognized as the most common type of gallstones in Western populations (20) . Formation of cholesterol gallstones has generally been attributed to lithogenic bile with elevated concentrations of cholesterol (14, 27, 31) . Increased biliary cholesterol has also been observed in obesity (19, 39) , and as a result of the increased global incidence of obesity (34) , the incidence of cholesterol gallstone disease has also increased (45) . Gallbladder stasis has also been implicated in the formation of gallstones, which, in the setting of lithogenic bile, is particularly problematic (36, 41) .
The G protein-coupled type 1 cholecystokinin (CCK) receptor (CCK1R) is expressed on myocytes within the gallbladder muscularis and is the major physiological mediator of gallbladder contraction and emptying after a meal (26, 30) . It is particularly interesting that this receptor has associations with obesity, cholesterol, and gallstone disease. The obesity connection relates to CCK being a satiety factor, with the vagal afferent CCK1R contributing to the physiological postcibal satiety response (29) . The cholesterol connection relates to unique sensitivity of this receptor to membrane cholesterol (13, 23, 37) , with elevated levels of this lipid, as have been observed in obese patients with metabolic syndrome (11, 35, 42) , resulting in reduced biological responses to CCK (23, 48, 49, 52) , whereas the closely related CCK2R is insensitive to cholesterol (37) . The gallstone connection has largely been recognized in highly unusual kindreds, in which this receptor was found to be misprocessed and defective (32) . Of note, the vast majority of patients with gallstones, including those with cholesterol gallstones, have normal CCK1R and CCK (33, 50) .
In an attempt to better understand the possible role of CCK1R in cholesterol gallstone disease, we have extended the earlier work focused on the effect of cholesterol in which CCK responsiveness had been demonstrated to be abnormal (3, 46, 48) , with the defect localized to the interface between CCK1R and its G (G q ) protein (48, 52) . This had been demonstrated in animal models (51) and in patients with cholesterol gallstone disease (48, 49, 52) . We showed a direct impact of cholesterol on the CCK1R, likely acting at a consensus site for cholesterol association with membrane proteins (12, 37) .
Another fascinating set of observations includes the beneficial effect of the hydrophilic bile acid ursodeoxycholic acid on cholesterol gallstone formation (18, 47) . Feeding this bile acid to enhance its presence in the bile acid pool has been reported to result in reduced formation of gallstones in animal models (47) . There has also been a beneficial effect in patients treated with this bile acid (18) . A series of effects of the ursodeoxycholic acid to reduce biliary cholesterol and, thereby, the lithogenicity of the bile have been described (40, 44) , but it is not clear that these are the only effects contributing to this beneficial effect or how they contribute quantitatively to these clinical outcomes.
In the current study we have investigated the effect of bile acids on CCK receptor function to determine whether another mechanism for the beneficial effect of ursodeoxycholic acid might also be active. We postulated that the structural similarity between the bile acids and cholesterol could suggest that the bile acids might be working directly on the CCK1R at a site similar to the site at which cholesterol acts. The insights and tools previously developed to study the effects of cholesterol on the CCK1R have provided opportunities for such an investigation (12, 23, 37) .
MATERIALS AND METHODS
Materials. Synthetic CCK-(26 -33) (CCK8) was purchased from Bachem (Torrance, CA). The benzodiazepine CCK1R antagonist BDZ-1 was provided by Professor Phillip Portoghese (1), the CCK1R antagonist T-0632 was prepared as we described previously (16) , and the 1,5-benzodiazepine agonist GI181771X (2) was provided by GlaxoSmithKline Research Laboratories (Research Triangle Park, NC). Tauroursodeoxycholic acid (TUDC), taurochenodeoxycholic acid (TCDC), and 25-hydroxycholesterol were purchased from Sigma-Aldrich (St. Louis, MO), Quest fluo 8-AM from AAT Bioquest (Sunnyvale, CA), soybean trypsin inhibitor from Gibco Life Technologies (Grand Island, NY), bovine serum albumin from Equitech-Bio (Kerrville, TX), and lipoprotein-deficient serum from Intracel Resources (Frederick, MD). All other reagents were analytical grade.
Cell lines. Chinese hamster ovary (CHO) cell lines expressing the CCK1R (CHO-CCK1R) and the type 2 CCK receptor (CHO-CCK2R) (7, 12) , as well as the Y140A (CHO-CCK1R-Y140A) (12, 37) , W166A (CHO-CCK1R-W166A) (37) , and Y237A (CHO-CCK1R-Y237A) (37) mutants of the CCK1R, were used as sources of receptor for the current study. Cells were cultured at 37°C in an environment containing 5% CO 2 on tissue culture plastic ware in Ham's F-12 medium (Gibco Life Technologies) supplemented with 5% FetalClone II (Hyclone, Logan, UT). An SRD15 cell line derived from CHO cells that expresses the CCK1R (SRD15-CCK1R) and was previously established and characterized (22) was cultured in similar conditions, except DMEM/F-12 medium (Gibco Life Technologies) was supplemented with 5% lipoprotein-deficient serum and 2.5 M 25-hydroxycholesterol. Cells were passaged approximately twice a week.
Receptor-binding assays. A radioligand competition-binding assay using whole cell binding in 24-well tissue culture plates was performed to determine the binding affinity of the natural agonist ligand CCK. This was applied to each of the cell lines in the absence and presence of bile acids. CHO-CCK1R, CHO-CCK1R-Y140A, CHO-CCK2R, or SRD15-CCK1R cells were plated and grown to ϳ80% confluence prior to the assay. After they were washed once with PBS (pH 7.0), the cells were incubated for 15 min at 37°C in the absence or presence of TUDC and TCDC in Krebs-Ringer-HEPES (KRH) medium (25 mM HEPES, pH 7.4, 104 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM KH2PO4, and 1.2 mM MgSO4) containing 0.01% soybean trypsin inhibitor and 0.2% bovine serum albumin. A constant amount of the CCK-like radioligand 125 I-D-Tyr-Gly-[(Nle 28, 31 )CCK-(26 -33)] (ϳ10 pM), prepared as described previously (38) , and increasing concentrations (0 -1 M) of CCK were added to each well. After incubation for 1 h, the cells were washed twice with ice-cold KRH medium containing 0.01% soybean trypsin inhibitor and 0.2% bovine serum albumin to separate free from cell-bound radioligand before the cells were lysed with 0.5 M NaOH. Membrane-bound radioactivity was quantified with a ␥-spectrometer. Nonspecific binding was determined in the presence of 1 M CCK and represented Ͻ10% of total binding. The whole cell binding assay was also used for CCK1R antagonist T-0632 binding using 125 I-T-0632, as we described previously (16) .
The binding affinity of the small-molecule CCK1R antagonist BDZ-1 was determined in a standard radioligand competition-binding assay using receptor-bearing membranes prepared as described previously (7) . Briefly, 4 g of membranes were incubated with a constant amount of the radioligand 125 I-BDZ-1 (ϳ28 pM) at room temperature for 1 h in 100 l of KRH medium containing 0.2% bovine serum albumin and 0.01% soybean trypsin inhibitor in the absence or presence of increasing concentrations of nonradiolabeled BDZ-1. Membrane-bound and free radioligand were separated by filtration through a UniFilter-96 GF/B filter plate in a FilterMate harvester (PerkinElmer Life Sciences, Waltham, MA), as we described previously (7) . Radioactivity in the plate was quantified using a TopCount NXT counter (PerkinElmer Life Sciences).
Intracellular calcium assays. Effects of the bile acids on CCK biological activity were determined by measurement of the CCKinduced intracellular calcium responses in CCK receptor-bearing cell lines (12) . Briefly, the cells were seeded in a 96-well black-walled clear-bottom plate and cultured for 24 h until they reached ϳ80% confluence. The cells were washed once with KRH medium containing 1.2 mM MgCl2, 0.2% bovine serum albumin, and 2.5 mM probenecid and incubated with 0.75 M fluo 8-AM at 37°C in the absence or presence of a constant amount of TCDC or TUDC. After incubation for 1 h, the cells were washed once with the KRH medium, and the calcium response assay was initiated by robotic addition of increasing concentrations (0 -10 Ϫ8 M) of agonist using a Flexstation 3 plate reader (Molecular Devices, Sunnyvale, CA) equipped with SoftMax Pro 5.4 software. Intracellular calcium responses were measured at 37°C by quantification of the fluorescence emission intensity at 525 nm after excitation of the samples at 485 nm, with data collection every 4 s over a 120-s period.
Data analysis. All assays were performed in duplicate in a minimum of three independent experiments and are expressed as means Ϯ SE. Radioligand binding and calcium concentration-response curves were analyzed and plotted using the nonlinear regression analysis program in the Prism software suite version 6 (GraphPad Software, San Diego, CA). Two-tailed t-tests were performed to evaluate the differences, and P Ͻ 0.05 was considered to be significant. 
RESULTS

Effects of bile acids on CCK1R and CCK2R expressed in a normal membrane cholesterol environment.
The bile acids hydrophilic ursodeoxycholic acid and hydrophobic chenodeoxycholic acid are structurally similar to cholesterol, with differences only in positions 5-6, 7, and 24 ( Fig. 1 ). The only difference between these two bile acids is orientation of the hydroxyl group in position 7: ␤-orientation in ursodeoxycholic acid and ␣-orientation in chenodeoxycholic acid (Fig. 1) . Utilizing their taurine conjugates TUDC and TCDC to achieve better aqueous solubility than the unconjugated bile acids, we examined the impact of these bile acids on CCK binding and biological activity (Fig. 2) . The binding data are displayed as percentage of saturable binding, as well as percentage of control levels of binding in the absence of the bile acids, since TCDC reduced the level of CCK binding. Concentrationresponse curves for TCDC to reduce CCK binding are also illustrated for each cell line (Fig. 2, insets) . These data support the choice of 0.5 mM TCDC, which reduced the CCK binding to CCK1R by ϳ50%, with enough saturable radioligand binding remaining to generate a meaningful CCK concentrationcompetition curve. TUDC was utilized at 1 mM, since, even at this high concentration, there was no reduction in CCK binding.
The hydrophilic bile acid TUDC at concentrations as high as 1 mM did not affect CCK binding or signaling at CCK1R expressed in CHO cells (Fig. 2 , A-C). In contrast, the hydrophobic bile acid TCDC caused a concentration-dependent decrease in saturable binding of the CCK-like radioligand, with a ϳ50% decrease in saturable binding at 0.5 mM (Fig. 2B, inset) , along with a 3.5-fold rightward shift in the binding affinity at this concentration ( Fig. 2A , Table 1 ). The decrease in binding affinity of CCK in the presence of 0.5 mM TCDC was accompanied by a significant 12-fold reduction in the potency of CCK-stimulated intracellular calcium responses (Fig. 2C , Table 1 ). These observations are different from the effects of excess cholesterol, which increases CCK binding affinity while reducing the potency of CCK-stimulated intracellular calcium responses (12, 22, 23, 37) . It is interesting that CCK2R was significantly less sensitive to TCDC, exhibiting only a ϳ20% decrease in specific binding of CCK under the same conditions, without a significant change in CCK binding affinity or potency (Fig. 2, D-F , Table 1 ). Similar to our findings at the CCK1R, TUDC had no effect on either CCK binding or signaling at this structurally related G protein-coupled receptor (Fig. 2, D-F , Table 1 ).
In addition, we tested the effects of TCDC and TUDC on the binding affinities and biological activity of allosteric ligands acting at the CCK1R. We utilized two allosteric antagonist radioligands, 125 I-BDZ-1 (1) and 125 I-T-0632 (16), in homologous competition-binding studies, and a benzodiazepine allosteric agonist, GI181771X (2), in intracellular calcium-signaling studies. The molecular basis of binding of allosteric ligands to the CCK1R has been extensively studied (7, 16, 21) . These ligands bind exclusively to a docking cleft within the intramembranous helical bundle, which is distinct from the orthosteric CCK peptide-binding site of the CCK1R. Similar to 125 I-CCK binding, Յ1 mM TUDC did not affect the function of the allosteric ligands at CCK1R (Fig. 3, Table 1 ). Also, TCDC decreased the total binding of 125 I-BDZ-1 and 125 I-T-0632 to the CCK1R in a concentration-dependent manner, with a ϳ50% decrease at 0.5 mM (Fig. 3, B and D) , but it did not affect binding affinities (Table 1) . TCDC at 0.5 mM significantly affected the ability of the agonist GI181771X to stimulate intracellular calcium responses in wild-type CCK1R-bearing CHO cells, reducing its potency by 13.2-fold and its efficacy by 1.5-fold (Fig. 3E, Table 1) .
Effects of bile acids on CCK1R expressed in an elevated membrane cholesterol environment. Having established the effects of TCDC and TUDC in wild-type CCK1R in a normal membrane cholesterol environment, we examined the effect of TCDC and TUDC at the same wild-type CCK1R expressed in an elevated membrane cholesterol environment in the SRD15-CCK1R cell line (22) . This cell line has been characterized as having an increased level of membrane cholesterol due to a genetic defect in the cholesterol biosynthetic pathway (28).
The CCK1R expressed in this environment exhibits a higher binding affinity for CCK, which is nonproductive, associated with a significant reduction in potency to stimulate a biological response (12, 22, 23, 37) . As shown in Fig. 4 , A and B, TCDC and TUDC had no significant effects on CCK binding. Interestingly, 0.1 and 1 mM TUDC (concentrations below their critical micellar concentrations) improved the potency of CCKinduced intracellular calcium responses by fivefold (Fig. 4C , Table 1 ). The hydrophobic bile acid TCDC did not further modify the biological responses to CCK in this cell line (Fig.  4C, Table 1) .
Effects of bile acids on CCK1R constructs in which cholesterol-binding motifs were disrupted. We previously studied the cholesterol recognition/interaction amino acid consensus pattern (CRAC) and the cholesterol consensus motif (CCM) by mutagenesis in CCK receptors (37) . To test whether TUDC and TCDC differentially affect the CCK1R when these motifs are disrupted by mutation, we used the site mutant constructs Y140A and Y237A, disrupting the CRAC motifs in transmembrane domain 3 (TM3) and TM5, respectively, and W166A, disrupting the CCM motif in TM4 (37) . We reported that, of these mutants, only the Y140A construct of the CCK1R exhibits insensitivity to a further decrease (37) or increase (12) in membrane cholesterol levels, while this mutant construct also mimics the behavior of the CCK1R in an elevated membrane cholesterol environment (12) . Binding data for the effects of the bile acids on these CCK1R mutants are shown in Fig. 5 ( Table 1) , and biological activity data are shown in Fig. 6 ( Table 1) .
Data from homologous ligand competition-binding assays using the 125 I-CCK radioligand and signaling assays show that the Y140A mutant of the CCK1R was not sensitive to TCDC treatment, with this bile acid having no effects on binding affinity or potency of CCK to stimulate intracellular calcium responses, in contrast to our findings in wild-type CCK1R (Figs. 5A and 6A ). The total binding was reduced by ϳ40% at the Y140A mutant (Fig. 5B) compared with ϳ50% at the wild-type CCK1R (Fig. 2B) . It is particularly interesting that the corrective effect of TUDC on signaling of the CCK1R that was observed at wild-type CCK1R expressed in an elevated membrane cholesterol environment (SRD15-CCK1R cells; Fig. 4C ) was not observed at the Y140A mutant (Fig. 6A ). An interpretation of this finding could be that although the Y140A mutant mimics the conformation of the CCK1R in a highcholesterol environment, this mutation disrupts the ability of the bile acids to bind to that site.
In contrast, the Y237A (Fig. 5 , C and D, and Fig. 6B ) and W166A (Fig. 6C ) mutants of the CCK1R remained sensitive to TCDC, similar to their effects on wild-type CCK1R. The W166A mutant was expressed only at a very low level on the cell surface, resulting in an inadequate level of saturable radioligand binding (data not shown). This likely reflects inappropriate folding of the receptor due to the mutation that resulted in intracellular trapping. However, there seem to be enough receptors on the cell surface to elicit a measurable calcium response to CCK stimulation in these cells (Fig. 6C) .
DISCUSSION
CCK is a gastrointestinal peptide hormone synthesized in enteroendocrine I cells scattered along the mucosa of the proximal small intestine and secreted in response to luminal fat and protein. This hormone plays multiple roles relevant to nutritional homeostasis, acting via the CCK1R. These roles include stimulation of pancreatic exocrine secretion and gallbladder contraction to aid in digestion, slowing of gastric emptying and regulation of bowel transit to titrate the appropriate delivery of nutrients for absorption, and induction of postcibal satiety by acting on peripheral CCK receptors expressed on vagal afferent neurons (29, 43) . Recognition of the latter role has supported the idea that this receptor might be an important target for the management of obesity (5, 6, 17, 25) .
The CCK1R differs from the closely related CCK2R, in that the function of the CCK1R is affected by membrane cholesterol, whereas the function of the CCK2R is not (37) . Lateral allosteric regulation of the CCK1R by cholesterol may be responsible for defective stimulus-activity coupling (23, 37) , resulting in reduced contractile responses to CCK in cholesterol gallstone disease (49, 52) . This defect is not observed in patients with pigment gallstones (10, 46, 49) . A major difference between these two clinical settings is the presence of supersaturated cholesterol in lithogenic bile (14, 27, 31) . Studies in humans and animals have shown that the abnormal gallbladder contractile response to CCK is correlated with elevated levels of cholesterol in the membrane of gallbladder smooth muscle cells in patients with cholesterol gallstones, and reduction of the cholesterol to normal levels by in vitro treatment of those cells with methyl-␤-cyclodextrin has been shown to reverse this functional abnormality (9, 49, 51) . Indeed, we have identified unique sensitivity of the CCK1R, and not the CCK2R, to increased membrane cholesterol in in vitro studies using model cell systems in which we explored the molecular basis of this action (12, 22, 23, 37) .
Bile acids, another component of bile, are structurally related to cholesterol. Bile acids are present in high concentration in bile in the biliary tree and gallbladder, as well as the small bowel lumen, and are efficiently absorbed through bile acid transporters in the ileum (enterohepatic circulation). Bile acids can also be elevated in the circulation in cholestasis syndromes, but they are present in blood in much lower concentrations. The impact of bile acids on gallbladder function is quite instructive. In vitro and in vivo studies have shown that treatment with hydrophobic bile acids, such as chenodeoxycholic acid and cholic acid, has a negative impact on gallbladder emptying by reducing the gallbladder contractile response to CCK (47) , whereas hydrophilic bile acids, such as ursodeoxycholic acid, are not inhibitory and may actually protect against the negative impact of the hydrophobic bile acids (and possibly cholesterol) (18) . Ursodeoxycholic acid can improve gallbladder contraction and prevent gallbladder muscle dysfunction (18, 47) . There have been suggestions that the beneficial effects of ursodeoxycholic in this setting relate to a decrease in the cholesterol content of bile and reduced impact on the gallbladder smooth muscle cells, as well as to the effect of this bile acid to reduce oxidative stress (18) . It is not clear, however, that these are the only relevant effects of bile acids in this process.
Given the close structural similarity of bile acids to cholesterol, we postulate that there may exist an additional mechanism contributing to the reported beneficial clinical effects of ursodeoxycholic acid. Findings from the current study show that, similar to the effects of cholesterol on CCK receptors, bile acids had effects on the CCK1R, while they did not have recognizable effects on the structurally related CCK2R. This provided an important control for bile acid effects distal to the receptor in signaling pathways or on some other target in the membrane or the cell, since both CCK1R and CCK2R are believed to couple with the same G proteins and to induce similar signaling events in cells in which they are expressed. The differential impact of the bile acids on the same types of cells expressing these two types of CCK receptors is strongly suggestive that the bile acids work directly on the CCK1R.
Furthermore, the hydrophobic chenodeoxycholic acid had a negative effect on CCK1R function when present in a normal membrane environment, much like excess cholesterol. The absolute impact of chenodeoxycholic acid was distinct, negatively affecting both binding affinity and potency of biological activity (whereas cholesterol dissociates these two effects, increasing binding and reducing biological responses). Interestingly, there was no additional effect of this bile acid on the CCK1R in a high-cholesterol environment. In contrast, ursodeoxycholic acid did not affect CCK1R function in a normalcholesterol environment and showed a significant protective effect against excess cholesterol, reversing the rightward shift of the CCK dose-response curve observed in the presence of high cholesterol. This is achieved without a change in the increased binding affinity typical of the high-cholesterol environment. Fig. 7 . Summary of impact of bile acids on CCK1R function in normal and elevated membrane cholesterol environments: 7 transmembrane CCK1R in a normal membrane (light gray) or a membrane with elevated cholesterol level (dark gray), with CCK peptide docking to the receptor ectodomain and the heterotrimeric G protein (G␣q, ␤-and ␥-subunits) associating at the receptor cytosolic face. Arrow illustrates transduction of the signal via conformational change in the helical bundle domain. CCK binding and signaling were reduced in response to TCDC, while TUDC had no effect on these CCK1R processes in a normal membrane. In a high-cholesterol environment, CCK1R binding was increased and signaling was decreased, with TCDC having no further effect, whereas TUDC corrected the signaling defect. It is proposed that these bile acid effects on the CCK1R reflect a direct interaction with the receptor, likely at the same site at which cholesterol binds and possibly competing with the detrimental effect of excess cholesterol. Each bile acid has its unique effects on CCK1R conformation and function.
We previously studied a CCK1R with single amino acid mutations disrupting the CRAC and CCM cholesterol-association motifs (37) in an effort to localize the site of action of cholesterol. Of these CCK1R mutations, the Y140 residue in the CRAC motif at the bottom of TM3 near the DRY ionic lock mechanism was shown to be important in cholesterol binding to the CCK1R (37) . Mutation of this residue yielded a CCK1R insensitive to a decrease (37) or an increase (12) in membrane cholesterol content, as demonstrated by a lack of change in CCK binding and signaling profiles, whereas mutations of other cholesterol-binding motifs within the CCK1R, Y237A (CRAC motif, TM5) and W166A (CCM, TM4), continued to be sensitive to cholesterol.
We have demonstrated that the Y140A mutant of the CCK1R mimics all the structural and functional effects typical of the wild-type CCK1R in a high-cholesterol environment (12) . In the current study we show that, similar to cholesterol, the bile acid effects in wild-type CCK1R were absent in the Y140A mutant construct. Furthermore, mutations of Y237A and W166A had no impact on the bile acid effects. These data may be interpreted as follows: bile acids interact with the CCK1R at the same site as cholesterol and competitively inhibit the cholesterol interaction with the receptor. It is noteworthy that each bile acid affects the conformation of the CCK1R differently from cholesterol and differently from each other. On the basis of the current evidence, it can be postulated that chenodeoxycholic acid negatively affects the conformation of the CCK1R, which leads to G protein uncoupling, whereas ursodeoxycholic acid has a protective effect, possibly working to correct the abnormal receptor conformation induced by the high-cholesterol environment, which is reflected in significant improvement in CCK signaling in this setting.
To further understand the proposed mechanism, we consider that the CCK1R has three dominant domains: 1) the extracellular domain, where the natural peptide ligand binds, 2) the intracellular domain, where the heterotrimeric G protein interacts with the receptor, and 3) the intramembranous core helical bundle domain, in which a network of hydrogen bonds helps stabilize conformations and mediate conformational changes associated with agonist binding and activation (proposed mechanisms illustrated in Fig. 7) . Clearly, the effect of cholesterol is a conformational change in the CCK1R that renders the helical bundle domain dysfunctional. In that situation, CCK binds with higher-than-normal affinity, yet the receptor-G protein coupling interaction is defective, resulting in reduced agonist-induced signaling. This suggests that the major defect when this domain is expressed in an elevated membrane cholesterol environment is in the transduction function of the core helical bundle of the CCK1R. It is probable that ursodeoxycholic acid can correct this defect to an extent that correlates with its clinical benefits in cholesterol gallstone disease. These data suggest that 1) bile acids compete with the action of cholesterol on the CCK1R, probably by interacting at the same site, although the conformational impact of this appears to be different with different bile acids, and 2) ursodeoxycholic acid is capable of correcting the abnormal conformation of the CCK1R in an elevated membrane cholesterol environment.
In addition to cholesterol gallstone disease, the impact of ursodeoxycholic acid on CCK1R function might be beneficial in sphincter of Oddi dysfunction. This represents another site of the CCK1R that would be exposed to a high concentration of this bile acid, with its concentration elevated in the enterohepatic circulation after administration.
Given a key role of the CCK1R in obesity and metabolic syndrome (8, 15, 43, 49) and the failure of efforts to successfully develop a drug targeting this receptor (4, 5, 17, 24) , there is still a need to develop alternate pharmacological therapeutic strategies to affect this target. The current observations that ursodeoxycholic acid has a positive effect on CCK1R function, perhaps acting through the site of negative impact of cholesterol, might provide a lead for a therapeutic approach to this problem. Because the efficient absorption of this bile acid occurs in the ileum, resulting in high concentrations only within the enterohepatic circulation, this (or any other) bile acid is unlikely to have therapeutic usefulness outside the gallbladder and biliary tree. However, the mechanism currently described to act on the CCK1R and proof-of-concept for this bile acid to correct the negative impact of cholesterol on the CCK1R may encourage the development of similar molecules that could have a high concentration in the systemic circulation to act on the vagal afferent CCK1R.
